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NASA experience has indicated a need for uniform criteria for the design of space vehicles. 
Accordingly, criteria are being developed in the following areas of technology: 
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SUBJECT STATE OF THE ART DESIGN CRITERIA 
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SOLID PROPELLANT GRAIN DESIGN 
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selection. Quantitative evaluation of these parameters limits the number of applicable 



grain design. 
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only a geometric definition for each of the classical grain configurations in terms of the 
necessary independent variables. No particular regard is paid to the location of a given 
configuration in the evolution of grain designs, but specific emphasis is placed on its area of 
application. 










Evaluation of Parameters 


§ 

£ s 

<D 

^ O' 


+-> 00 • 

P ^ £ M 

a> ^ s a o 

*2 £ 3 8?-° 

« s g £ >; 

& & 3 .-g 

S §) ^ s 

<N ’v5 -rj 2 

w 42 3 S* § 

■s § « 'S S 
365-SS 

^ cd <3 
O M ft 

S £ £ » £ 

cd hn +3 <D <d 
t-H &p *a _o +■> 
cd C g ^ _ 

ft 4-> In q £ 

^ i 8.1 J 

§ e a ^ 

^ o 5 ° & 

S *o *-< b 

S .£2 2 4B & 

3 c £ «> 3 

3 « <« g e 

S > lj P cd 

-v fe ° c3 g 
— < ft <d B 

.. o & c S 

S3 • rt S' 8 2 
5 o'O'd a 

0 .3 g § w) 

3 s 2 &s 

tj S J -O ea 

° .53 "3 cs g : 

1 - I 8 O 


- cx 

2 °i 

a -o & 


2 St! fi 

.s 2 45 & 2 aj 

Tj <M ^ ft ^ 

t-H *;> 2jr\ ^ 

*3 c £ gP a> S 

£ m . g . ft 

§ s « s ^ 

jS £ -I - s .s 

2 • 3 •g * 2 

e £•« o-g S3 

g £ .g | s j- 

<D cd >> D 

& S 

S 1^ S 
H ftS b c2 o 


C/3 j-h +J -+-J 

^ S s s • 

P *r< d) D 

g * s s 

5 52 CD CD 

6 g .b .b 

fl 2 3 p 
g cd cr 1 a 4 * 

0 __ <L) d) 

° a 2 u ; 

ts -a *8 *j 

5) jj +i O 
^ cd a 

1 J.lf : 

3 +j I] w 

03 O co _, 
■H ^ ^ C3 ' 
CD 

^ cd x> cd 

2 S5 >> ^ • 
ca .£? j5 t3 
g _J> c p ■ 

S ^ >> g 

tg d ."b ^ 1 
oo Ch O ^ 
«« 60 g S ■ 

°S^ I 

4^ C O 
C ^ C2 — 

8 C 13 

d) CD 4-J 

Ph CD «•> 
<D - -h d) , 
-T3 b P M 

1-B | S 

o 

T3 cd >< .$2 
CD *h CD *13 

s «j ^ 6 
^ c o 

S & CO . 

O S ^ o 
O g? « J2 

8 § •§ g, 

s si! 

s « -5 ~ 

co .S3 C "3 

• T— ( "T-H 4-i 

H w 2 o 
§b g m ^ 
■a 45 u «« 

« H S ° 

X3 , 4-> 

.3 §> o .2 
g ’8 3 
rb ^ *5 E2 

O 'O ^ .5 


T3 c ^ 
3 SP g 
o 8 «i 


be continuous as presented herein. 


Compatibility of the igniter and grain is a requirement commonly imposed on the igniter 
design rather than on the grain design (ref. 6). Although the igniter normally can be 
accommodated in the internal free volume of the propellant grain without significant 
alteration of the adjacent grain perforation, there are instances in which the total motor 
design benefits from early consideration of igniter requirements in the grain design. 
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percent or more) than burning time. Sliver tends to increase the difference even more, the 
amount depending on the sliver content. 




Frequently, a requirement limiting the maximum thrust of the motor is imposed, this 
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2. 1.1. 2.1 Specific Impulse 

Specific impulse I sp is a measure of the impulse or momentum change that can be 
produced per unit mass of propellant consumed. In terms of grain design, I sp is the ratio 
of motor thrust to mass flowrate, and hence its value is most significant in the 
determination of propellant weight necessary to meet the ballistic requirements. Specific 
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This estimate requires calculation of theoretical I sp at motor operating conditions. 
Frequently the I s d is a value corrected from the standard deliverable specific 
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precisely (within a percent or so) the pressure and thrust as a function of time. Frequently 
the difference between estimated and actual performance can be attributed largely to the 
difference between estimated and actual burning rate. 
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The grain designer must know the burning-rate properties and permissible range for 
burning-rate adjustment appropriate for the selected propellant. Further, burning rate 
typically scales upward in the full-scale motor, from 1 to 5 percent (refs. 16 and 17). 
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Subscripts to the bracketed terms indicate the constant conditions shown in figure 3 with 
specific variables applicable to each of the coefficients. 
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When the constant conditions noted in figure 3 are not restricted to a specific value of 
pressure P, at Tj or to a reference pressure at T 2 , definitions of the four 
temperature-sensitivity coefficients (eqs. (6) through (9)) assume that the pressure exponent 
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basis for motor operating pressure; MEOP usually is derived from preliminary systems 
analysis, where it is optimized with respect to ideal velocity increment, motor weight, total 
impulse, or some other figure of merit. Further, the mission of the vehicle often produces 
environmental requirements that may influence the grain design. 



The allowable envelope defining the physical boundaries for the grain is a fundamental 
constraint on the grain geometry. Total volume available and its shape in terms of 
length-to-diameter ratio provide a basis for selecting the configuration type and also define 
the limit on maximum grain weight achievable. 
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consideration. If a motor will be subject to severe vibration, applicable grain configurations 
are limited; those with relatively large portions of unsupported mass (e.g., the wagon wheel) 
may be excluded. Requirements for temperature cycling frequently result in grain 
dimensions that reflect a compromise between ballistic and structural interests. 



Aerodynamic heating and acceleration, principally spin, likewise may influence the burning 
rate and therefore have significant effect on motor performance. These influences on 
burning rate are particularly significant in the evaluation of maximum pressure, burning 
duration, and thrust level. 
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over action time P a at a given temperature prior to analysis of the grain design, however, 
requires an estimate with little analytical basis. Until the performance of a particular grain 
design is predicted, the pressure neutrality and initial pressure overshoot (frequently 
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Figure 4 .-Nozzle divergence angles. 



A widely used equation for thrust (ref. 24 ) contains the expression for C F act in equation 
( 11 ). Applying also the nozzle efficiency factor, thrust typically is defined by 
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volumetric loading fraction 



propellant volume (W p /p p ), in. 
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parameters influencing the selection of configuration type. The range of applicable web 
fractions depends on the range of available propellant burning rates. Burning rate and 
duration define the required w f for internal-burning grains from the equation 


web fraction (ratio of web to grain outer radius, frequently written (D— d)/D after 
d has been determined) 
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For strictly two-dimensional grain configurations in which end configurations are 
insignificant, port-to-throat area ratio A p /A t is approximated by 
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manufacturing. Very low values for A p /A t , including A p /A t < 1.0, can be 
accommodated by proper provision in the design (e.g., a relatively small initial burning 
surface or a structure adequate for a significantly large initial pressure peak). However, when 
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Thus L/D is a significant parameter in selection of a grain configuration for 
neutral-burning requirements. The dependence of grain configuration on L/D is 
evident in the region of three-dimensional configurations in the graph in figure 1 . 



(2) Erosive burning, sensitive also to other factors, tends to be greater in motors with 
large L/D. 



Flexibility in grain design is limited by processing techniques and rheological properties of 
the propellant. Without consideration of the state of technology related to manufacturing of 
solid motors, more elaborate grain designs would prevail. However, neglect of the processing 
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casting technology that have introduced collapsible and consumable mandrels, the finocyl 
and conocyl configurations have become commonplace in operational motors. Without 
these improved techniques, consideration of designs that required forward slots would be 
futile. 
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of structural integrity are given in reference 31 . 



2.2.2 Geometric Definition and 
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L = grain length, in. (m) 

Volumetric loading fraction depends on the web fraction and therefore cannot be 
considered independently of web requirement. 




Figure 7.— Internal-external-burning tube configuration (ref. 37). 


The internal-burning tube (fig. 8) is one of the most practical and preferred configurations 
when web fraction and length-to-diameter ratio will permit its use. It is a radially burning 
grain with ends usually unrestricted to function as a burning-surface control; otherwise, it 
bums progressively. It is typically case bonded, which inhibits the outer surface. The 
internal-burning tube is defined by a length L and two diameters D and d. 






(1) Prevailing erosive burning will interact with the progressively burning surface 
sufficiently to neutralize the pressure— time delivery. 



(2) The grain can be segmented, thus adding two regressively burning ends for each 
segment and in effect reducing the L/D to a point that will yield a sufficiently 



Equation (22) also provides a model for generalized analysis of the internal-burning tube. 
The first derivative of A b with respect to w x equated to zero yields 


This is the value of w v when maximum A b is attained. The second derivative 
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Thus, it is evident that the internal-burning tube becomes significantly progressive 



Hence, the rod-and-shell configuration is a candidate only when the required web fraction 
is sufficient to provide the required loading fraction. The predominant disadvantage is the 
requirement for support of the rod. For a given support system, the structural 
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requirements further imposed by temperature cycling and other environmental 
stipulations might prove to be too severe for acceptability, particularly in view of the 
relatively high flame temperatures of current propellants. 
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The progressivity in zone 2 can be determined analytically by evaluating the derivative of 
the function S. The perimeter (taking r 2 = 0) in zone 2 at the distance burned w x is 




Figure 1 1.— Star configuration (ref. 26, unit 479). 



the sum of the arc (R — w + w x ) ( 7 r/N — £), the arc (rj + w x ) a, and the rayside of the 



Equation (27) indicated conditions for burning neutrality in the star. When dS/dw 
0, 17 is defined implicitly as a function of N, the expression being 
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2.2.2. 1.6 Wagon Wheel 



The wagon wheel is used when web fractions of approximately 0.15 to 0.25 are required. 
Typical volumetric loading fraction is 0.70, the actual value depending primarily on specific 
values for web fraction and number of spokes. However, vibration and shock considerations 
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For the condition of parallel raysides, a becomes dependent, the number of independent 
variables is reduced to nine, and, more importantly, the web in the spoke is constant. If this 



Reference 57 uses 13 independent variables to define the configuration. The additional 
variables provide a third flat side to the spoke compared with two for the standard wagon 
wheel. Other analyses for the wagon wheel are given in references 48 and 49 and in the 
references cited in section 2.2.2. 1 .7. 


The dendrite configuration (fig. 13), or forked wagon wheel (ref. 57), is composed of 
combinations of elements from the wagon wheel and star configuration. Typically the 
dendrite contains alternate long and short wagon-wheel spokes. The computer program 
discussed in reference 57 provides an additional break in the rayside of the long spoke, 
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Volumetric loading fraction of the slotted tube, as with the other tubular configurations, is 
basically a function of the web fraction. Therefore, the slotted tube would be applicable 
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Geometric analysis of the conocyl has not been generalized, perhaps because of its 
dependence on the shape of the forward closure. The conocyl is symmetrical with respect to 



the longitudinal axis and therefore is readily adaptable to drafting techniques for analysis; 
computer programs include a number of proprietary programs written specifically for the 
conocyl and the three-dimensional grain design program of reference 1 . 
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that in reference 1 or similar proprietary programs including those prepared specifically for 
the finocyl configuration. A desired surface-versus-web performance may be established and 
dimensions of the functional elements of the finocyl varied until the desired geometry is 
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Advisory Committee for Aeronautics (ref. 74). This effort produced a spherical grain 
configuration called "melon slice" (fig. 19), which has become a typical grain design for the 
spherical envelope (ref. 75). It is an internal-burning star configuration with a constant web 
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recently developed spherical motors. 


Dual-thrust-level (boost-sustain) motors frequently provide a more effective delivery of 
impulse than those with an all-boost schedule and are, therefore, specified for some 
applications (refs. 81 through 83). Required delivery of mass flowrate versus time to provide 
the boost-sustain thrust schedule is obtained by grain design involving the same principles 





Single Propellant Systems 



Figure 20 -Typical boost -sustain grain configurations. 
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Figure 22 —Bipropellant star configuration (ref. 85). 
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Multiperforated configurations, which permit a much thinner web than does the 
case-bonded dendrite, were used in early motors when burning-rate limits were lower. 
Illustrations of typical multiperforated grain shapes are shown in figure 25 . 
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Intersection of burning surfaces during propellant combustion may cause portions of the 
grain to become unsupported. These unsupported or detached slivers induce anomalous 



performance when ejected. The anchor, dogbone, and wagon wheel are configurations that 
may produce this condition when dimensioned improperly. 
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Surfaces are not calculated explicitly, but are derived numerically from the fact that surface 
at a given value of web distance is the rate of change of volume with respect to web: 



In the finite-element form, the derivative is treated as AV p /Aw x . The mean-value theorem 
states that A b corresponds to a point somewhere in the open interval (w x , w x + Aw x ). 
The midpoint was arbitrarily chosen as the value of w x corresponding to A b . 
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Perimeters and port areas are measured or calculated from a sketch depicting the 
intermediate burning surfaces (fig. 28 ); simple devices such as scales, map measures, and 
planimeters are used. 





propellant mass flowrate generated in the chamber, lbm/sec (kg/ sec) 
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Figure 29— Balance of mass flowrates. 
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capability might be compromised at the lower total impulse level. Thus, an analysis that will 
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In many cases, however, mass is being added to a relatively high-velocity flow stream. Gas 



estimate. This inaccuracy usually is reconciled after the first performance prediction by 
changing the motor operating pressure, the change being effected by altering both 
propellant burning rate and nozzle throat diameter. Depending on the extent of pressure 
change necessary, the grain dimensions may require revision. 
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DESIGN CRITERIA and 



Specified ballistic performance requirements shall be evaluated in terms suitable 
for identifying applicable grain configurations. 
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It is recommended that the design value for specific impulse be based on the theoretical 
value at motor conditions in accordance with equation (2). This practice is preferred when it 
is practical to perform the required theoretical calculations (refs. 10 and 125). The value of 
tj should reflect in particular the motor size or mass flowrate, the aluminum content of 
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sensible heat of the propellant at higher temperature T 2 (fig. 3). The c* usually will vary 
0.5 to 0.75 percent for each 100-degree variation in propellant conditioned temperature. 
Therefore, an approximation of 7r K can be calculated from the equation 




3.1. 1.2.3 Density 

The value for propellant density used in grain design shall reflect the variation of 
density with temperature. 

It is recommended that applicable coefficients of thermal expansion be applied to the grain 
design to account for density variation with temperature. Density variation should be 
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the detailed analysis phase as appropriate, any adjustment being consistent with other 
variables. If any of the parameters of this section are considered independently, care should 
be taken to preclude the development of conflicting requirements. 



The average operating pressure used for determining pressure-dependent 





The nozzle geometry and dimensions shall provide the required thrust and system 
performance within the constraints specified. 


It is recommended that the design value of nozzle throat area be based on the given thrust 
and nozzle parameters and derived pressure (eq. (14)). This throat area is the approximate 
average during motor operation. Initial throat diameter therefore should be a smaller value, 
less than the average by approximately half the total throat erosion. Assessment of nozzle 
throat erosion rate usually is based on empirical data related to pressure, duration, mass 
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(1) Duration t should be the burning time (t b , fig. 2) corresponding to web 
burnout. 
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where A_ is the port area at the station, A b is the total burning surface, and A b i is a 



Contribution of end effects in burning geometry should be evaluated (in particular when 
L/D < 4) in the process of identifying applicable grain configurations by L/D as illustrated 
in figure 1. Specific recommended practices for using L/D jointly with web fraction and 
volumetric loading fraction in selecting the appropriate configuration are given in section 
3.2.2. 


3.2 Configuration Selection and Design 
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Decrease the web fraction. — Normally the burning-rate flexibility of a given propellant 
will permit a degree of reduction to the web fraction. This reduction generally 
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3.2.2 Geometric Definition and Analysis 
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Calculation of the dependent parameters. — With the given requirements established as 
recommended in section 3.1.1, parameters of section 2.1.2 can be calculated. Some of these 
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Table I.— Suitability of Grain Configurations for Neutral-Burning Applications 
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Requirements for both high volumetric-loading fraction and neutral burning frequently 
are more difficult to satisfy when w f = 0.5 to 0.6. If loading fraction can be satisfied 
by circular ported grains (Vg = 0.75 when w f — 0.5, and Vg = 0.84 when w f = 0.6), 
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reasonable thrust— time performance. Therefore, these configurations or variations 
thereof should be explored thoroughly before undefined grain configurations are 



sought. In the final analysis, combinations of characteristic features of various 
configurations should be considered, particularly when required burning neutrality and 
volumetric loading fraction are difficult to achieve simultaneously. The grain design 
may be enhanced by addition of geometric elements, as in the following examples (ref. 
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should be consistent with accurate measurement of the lines and areas denoting burning 
surfaces and port areas. Burning surfaces derived by drafting techniques should be checked 
by numerically integrating the scaled burning surfaces and comparing the integral with the 
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determining perimeters (ref. 130). The burning-rate field is described by point values of 
burning rate at the intersection of concentric rings and radii emanating from the chamber 
center. Individual arcs within each sector are taken as isotherms corresponding to the 
average of the temperature at the extremities of each of the arcs. 



3.3 Design Verification Analysis 
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The most common discrepancy requiring iteration is the first prediction of MEOP. Even 
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levels. The correction to burning rate may be obtained approximately by 




where the subscripts 1 and 2 correspond to the first and second analysis, respectively, and 
both burning rate values correspond to a common pressure. Erosive-burning variables render 



When previous design revisions regarding MEOP considerations result in a lower operating 
pressure, a deficiency in total impulse may result because of the dependence of impulse on 
pressure (eqs. (1) and (11)). Except for possible changes in the nozzle design to increase the 
C F efficiency factor, the only solution is to increase propellant weight, and the preceding 
procedures apply. 
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measured (delivered) propellant specific impulse, eqs. (2), (15), (19) 
lbf-sec/lbm (N-sec/kg) (ratio of I tot to propellant 
weight, corresponding to P, e, P amb , and a [half 
angle] of the motor [ref. 10] ) 
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nozzle area expansion ratio, A e /A t eqs. (10), (1 1) 
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regressive burning a condition in which thrust, pressure, or burning surface decreases with 

time or web burned 
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SP-8049 The Earth’s Ionosphere , March 1971 
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SP-8040 Fracture Control of Metallic Pressure Vessels, May 1970 
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SP-8055 Prevention of Coupled Structure -Propulsion Instability (Pogo), October 

1970 
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SP-8082 Stress-Corrosion Cracking in Metals, August 197 1 


SP-8083 Discontinuity Stresses in Metallic Pressure Vessels, November 1971 




SP-8028 Entry Vehicle Control, November 1969 
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